A wireless CMOS temperature sensor chip performing an embedded RF antenna is presented. The RF carrier is produced by a three-stage ring oscillator that also acts as sensing element exploiting a linear dependence of oscillation frequency on temperature. The antenna is a square loop fabricated using the top metal layer provided by the 0.35 µm CMOS technology. Oscillation frequency shifts due to bias voltage fluctuations are circumvented by using a mathematical technique. The microchip provides an RF power level of -45 dBm at a distance of 1 m. The average power consumption is about 50 µW.
Introduction
The integration within a CMOS integrated circuit of a temperature sensors with an embedded RF wireless communication channel allows eliminating the need for external transmission lines and thus sophisticated packages. Moreover, the scaling of CMOS technology is enabling circuits to operate into the centimetre wave frequency band, where the required antenna size shrinks thus making the implementation of an on-chip antenna feasible, as recently demonstrated 1, 2, 3 .
In this paper a new 2.2 GHz CMOS wireless temperature sensor, with an on-chip antenna, is proposed. The ring oscillator circuit is exploited for sensing the temperature variations, by means of oscillation frequency changes, and for producing the RF signal. Particularly, two oscillators are implemented, each connected to its own antenna, for achieving reliable temperature variations information over power supply fluctuations. Two identical on-chip single loop antennas are used for transmitting the RF signal: each antenna connects two nodes of its own ring oscillator, constituting its feedback-line.
The possibility of self-powering the device with an on-chip tandem solar cell is also investigated.
The sensing principle
A ring oscillator is a temperature sensitive circuit: in fact temperature variations cause oscillation frequency shifts. The oscillation frequency f osc of an N-stages ring oscillator is given by (2×N×t D )-1, where t D is the delay time of each inverter, expressed as follows 4, 5 :
where η is a constant close to one, t r and t f are the rise and fall time of the transition, (V H -V L ) is the output voltage swing and I D is the drain current of the two MOS transistors in saturation conditions.
In our design we have exploited the CMOS 0.35 µm technology that is classified as short channel process. Thus the drain current of the MOS transistors can be described by using the following expression:
where E SAT is the electric field at which the carrier velocities saturate, and V DD is the supply voltage.
In equation (2) the temperature dependence is mainly determined by the variation of carriers mobility and threshold voltage with respect to temperature 6 . A temperature increase causes both a carriers mobility and a threshold voltage reduction. However, since the effect of carrier mobility is dominant in equation (2), an increase in temperature causes a current reduction, consequently a delay time increase and thus an oscillation frequency downshift. An undesired linear dependence on the supply voltage is also showed observed.
The implemented sensor circuit
The oscillation frequency of the ring oscillator depends on both temperature and supply voltage. However, by using two oscillators with slightly different oscillation frequencies, reliable temperature value can be simply calculated. Each 3-stage ring oscillator has been accurately designed for getting a linear dependence of the oscillation frequency versus temperature in the range of 30÷40 °C. Moreover, the oscillation frequency has a linear dependence on power supply. Thus f OSC (T, V) can be modelled with a good approximation, in a suitable range of T and V, by:
where a, b and c are constants. If we implement two oscillators with similar characteristics, that work at close frequencies, characterised by slightly different a and b coefficients, through the correlation of the two received signals we can determine the temperature information by solving the following linear system:
In fact, by measuring f osc1 and f osc2 , temperature and bias voltage can be easily extracted. The basic structure of the wireless sensor indeed consists of a digital control circuit that alternately switches the two ring oscillators on for a few milliseconds (T cond ) each, with a low duty cycle (1/100). This technique allows a reduction of the power consumption.
A loop antenna is the natural candidate to be integrated on chip as the active circuitry can be placed in the center of the loop to minimize chip space. In our design, a single loop antenna is realised in a 0.35 µm CMOS standard technology using the top metal layer. The chip size is about 2.7×2.7 mm 2 . On the same chip two identical antennas
are realised, each one covering a 2×1 mm 2 surface, as shown in Fig. 1 (a) , where one of the integrated antennas is highlighted by a white pattern.
The radiating characteristics of the loop antenna has been investigated by using Ansoft HFSS. The calculated input impedance of the structure is Z in = (10.41 + j102.97) Ω at 2.4 GHz, corresponding to an inductance L = 6.83 nH. The simulated radiation efficiency of this antenna is 1.5 %. The gain radiation pattern of Fig. 1 (b) , obtained with the antenna lying on x-y plane, shows a gain of -50.9 dB in presence of the substrate. The antenna exhibits a radiation pattern very similar to that one of a magnetic dipole. More details on the antenna can be found in 7 . 
Tandem solar cell
The possibility of self-powering the circuit, with an on-chip tandem solar cell providing a sufficiently high voltage, is investigated using the general-purpose ATLAS device simulator. Starting from the AMS 0.35 µm CMOS technology, the tandem solar cell requires a post-processed vertical amorphous silicon p-i-n structure on the top of an embedded p-i-n c-Si planar cell. This approach allows avoiding the latch-up problem encountered when trying serializing two silicon cells realised in the same substrate. The stacked devices are schematically illustrated in Fig. 2 . The simulated total surface area of the silicon cell is 12.5 µm 2 . Again in Fig. 2 it can be seen the p-i-n structure of the a-Si:H solar cell with the cathode contact connected to the silicon cell anode. The considered surface area of the a-Si:H cell is 10.5 µm 2 . All the contacts are sized with a minimum width of 1 µm. The cells are dimensioned to produce their maximum output power when the same current flows through them. Table 1 summarizes the values of the open circuit voltage, short circuit current, fill factor (FF) and power efficiency, for the two cells. 
Experimental results
The realised sensor has been characterized both by sweeping the temperature at constant supply voltage and by changing the power supply voltage at a fixed temperature. The experimental frequencies vs. temperature data curves at 3.2 V bias voltage is shown in Fig. 3 . Each oscillator displays a linear dependence on the temperature variations, corresponding to a temperature sensitivity ∆f OSC1 /∆T=2.40 MHz/°C and ∆f OSC2 /∆T=3.46 MHz/°C, with a resolution of ± 0.025 °C with the used measurement setup. Fig. 3 shows the measured frequency variations versus supply voltage at 40 °C. In accordance to the theoretical model, each oscillator displays a linear dependence on supply voltage changes, with sensitivities ∆f OSC1 /∆V DD =54.867 MHz/V and ∆f OSC2 /∆V DD =54.642 MHz/V. The emitted power level is about -45 dBm at a distance of about 1 m. At a bias voltage of 3.2 V, the dissipated power is about 3.3 mW, reduced to 50 µW by using the digital control circuit discussed earlier. Fig. 3 . Frequency vs. Temperature characteristics of the two transmitted signals at a bias voltage of 3.2 V (left), and measured frequencies vs. supply voltage at a temperature of 40 °C (right).
Conclusion
A novel wireless temperature sensor with on-chip antenna, operating at 2.2 GHz for short range biomedical applications, has been realised. Temperature variations are converted into oscillation frequency shifts with an optimised linear dependence getting a sensitivity of about 1 MHz/°C. The average power consumption is about 50 µW. The measured power level of the emitted RF signal is about -45 dBm at a distance of 1 m.
A technique to circumvent the dependence of oscillation frequency on supply voltage fluctuations has been implemented exploiting the two ring oscillator structures.
The possibility of self-powering the sensor with an on-chip tandem solar cell, formed by an amorphous silicon thin film solar cell on top of a chip-embedded crystal silicon cell, has been theoretically investigated.
